Ultra High Performance Fiber Reinforced Concretes (UHPFRC) present outstanding mechanical properties and a very low permeability. Those characteristics make them very attractive for the rehabilitation of existing structures and the conception of new structures. To define the range of admissible tensile deformation in those materials, the influence of imposed tensile deformation and subsequent cracking on permeability and absorption was studied. The transport properties of water and glycol were assessed in order to estimate the effect of the interaction of water with a specific UHPFRC. The experimental results demonstrate that permeability and absorption increase steadily until a residual tensile deformation of 0.13% is reached in the material, then water seeping rises distinctly. During experiments, the interaction of water with the UHPFRC decreases by 1 to 3 orders of magnitude the permeability and reduces absorption by approximately 50 to 85%. Test results reveal the high capability of the material to seal cracks and improve its water-tightness with time.
Introduction
Over the last 10 years, considerable efforts to improve the deformation capacity by incorporating fibers in cementitious materials have led to the emergence of Ultra High Performance Fiber Reinforced Concretes (UHPFRC) characterized by a very low water/binder ratio and a high binder content. These new materials provide structural engineers with a unique combination of extremely low permeability, high strength, tensile strain hardening behavior, and excellent rheological properties in fresh state.
Until now, most applications of UHPFRC were dedicated to new structures [1] [2] [3] [4] designed to take advantage of the high compressive strength and the low intrinsic permeability of those materials in an undamaged state at serviceability (mostly in prestressed structures). Another promising field of application is composite UHPFRC-concrete structures, a beam or a slab for which deteriorated concrete is replaced by UHPFRC for example [5] . Those applications are designed to withstand high levels of tensile deformation combined with very aggressive environmental loads for extended periods of time. In that context, an investigation on the influence of cracking on transport properties of water is required. Furthermore, interaction of water with UHPFRC in structures is expected to be significant and can modify the properties of the material over time. The extent of this phenomenon is still unknown.
Although in-situ conditions are different from laboratory conditions, especially when it comes to the variability of the saturation level of concrete, mechanisms suggested to explain the interaction between concrete and water in permeability and absorption tests may also explain field observations. A first mechanism used to describe water interaction in concrete is called self-sealing. It is suggested that this mechanism is related to a combination of phenomena, such as the swelling behavior of concrete under saturation, osmotic pressures, physical clogging and chemical interaction of water with the material. However, experimental evidence attributed mainly self-sealing to the chemical interaction of water with the material by causing the dissolution and deposition of soluble hydrates [6] . The second mechanism is autogenous healing. According to Edvardsen [7] , it is almost solely initiated by the formation of calcium carbonate crystals (CaCO 3 ) in cracks of fractured concrete submitted to water ingress and depends largely on crack opening and water pressure. To distinguish between the latter mechanisms, one can say that localized macrocracks and access to CO 2 are required to activate autogeneous healing, whereas they are not for self-sealing. A third mechanism that results in a decrease of water penetration is the continued hydration of residual clinker [6, 8] .
In order to improve knowledge on water transport in UHPFRC, a research project was launched at the Swiss Federal Institute of Technology to study the permeability and the absorption of UHPFRC submitted to high tensile deformations. The objectives were to assess admissible deformations for which the material presents satisfactory transport properties and to evaluate the significance of its interaction with water.
Experimental details

Experimental program
UHPFRC specimens were initially submitted to a uniaxial tensile test up to a wide range of predefined levels of deformation at loading (ε loading ) as listed in the first column in Table 1 . For ε loading N 0.25%, the UHPFRC studied enters in its softening domain and a localized crack appears. The material is no longer continuous, thus the tensile deformation is rather described in terms of total displacement (Δl) measured experimentally over 100 mm. Similarly, the residual deformation after the tensile test is noted respectively ε unloading or Δl unloading if the loading has reached the hardening domain or the softening domain. The opening of the widest crack (w 1 ) created in the specimens, which was identified with a micrometric magnifying lens, is also presented in Table 1. The unloaded specimens were then introduced in a device to estimate permeability and absorption. In order to determine the significance of the interaction of water with the UHPFRC, the transport properties of water and glycol, reactive and unreactive with cement respectively, were appraised. Glycol presents the advantage of being water-miscible and does not react with cement. Besides, its viscosity is higher than that of water [9] . Glycol is known for its capability to dissolve hydrated lime (Ca (OH) 2 ) and promotes self-sealing. Theoretically, this phenomenon should be negligible because the high amount of silica fume in the UHPFRC should consume most of the hydrated lime after many months of hydration [10] . This was confirmed by the fact that UHPFRC porosity remains unchanged after successive wetting and drying cycles made with glycol in this research. This result also demonstrates that glycol can be considered unreactive with other calcium phases of the UHPFRC cement paste. Table 1 summarizes the experimental program and Table 2 provides the properties of permeants used in the study. The absorption capacity of specimens with a residual deformation higher than Δl unloading = 0.33 mm was not assessed since the presence of a wide localized crack alters test results.
Mix design and specimen preparation
The experimental program was completed with an UHPFRC called CEMTEC multiscale® (Table 3 ) [11] . The material has a water/binder ratio of 0.14. The binder contains a cement with a high content in silicates and a low C 3 A content (CEM I 52.5) and silica fume produced by precipitation (type SEPR). Others components are Fontainebleau sand and 10-mm long straight smooth steel fibers of aspect ratio equals to 50 (6% in volume).
The UHPFRC was prepared and cast horizontally in 50 x 200 x 500 mm 3 moulds. No thermal treatment was applied. 
Residual tensile deformation after the tensile test.
Permeability and absorption tests carried out on unloaded specimens. After 3 days under sealed conditions, the specimens were removed from moulds and exposed to wet curing until 28 days. The average mechanical properties of the UHPFRC at 28 days were: f c = 168 MPa, f t = 11 MPa and E = 48 GPa [12] . Moreover, the total porosity at 28 days was 4.2%, as compared to approximately 3.3% at the start of the permeability and absorption tests. The porosity was measured by the immersion method under vacuum based on the RILEM Recommendations [13] . The total porosity values are slightly higher than those measured on reactive powder concrete [14] . Afterwards, specimens were stored in a room at 20°C and 50% relative humidity until the tensile test and subsequent core extraction were performed. The steps of the experimental procedure used to determine the transport properties are listed in Table 4 . Permeability and absorption tests were completed with glycol before those with water to assess the properties on the same specimens for both permeants. As pointed out previously, glycol is considered to remain unreactive with the UHPFRC. Care was also taken to carry out absorption tests in similar conditions for both permeants. Mass loss measurements before glycol and water absorption tests have demonstrated that the fluid content of the specimens after successive glycol saturation and drying is equivalent. Fig. 1 presents the uniaxial tensile test set-up [12] installed on a 1000 kN Schenck universal testing machine. The end parts of the prismatic specimen are glued in metallic grips specially grooved to maximize interlocking between the grip and the glue. The stress transfer from the glue to the specimen is done by adhesion. The tensile test is controlled in closed loop with the mean displacement of two LVDTs (linear variable differential transformers) fixed on both sides of the specimen. The measurement basis of the LVDTs was 100 mm and rate of displacement was 0.02 mm/min during the test.
Tensile strength testing and tensile behavior
UHPFRC specimens (prisms of 50 × 200 × 500 mm 3 ) were notched at mid-length to initiate cracks within the measurement basis of the LVDTs. The 20-mm deep notches on each side of the specimen reduced the cross section to 50 × 160 mm 2 . Upon reaching a predefined level of deformation during the tensile test, the specimen was unloaded. After dismantling the specimen from the test set-up, a core of 100 mm in diameter was extracted for the permeability and absorption tests. The core was taken within the area measured by the LVDTs during the tensile test.
The tensile behavior of the UHPFRC is shown in Fig. 2a . It can be described with the next generic definition [15] . During the linear elastic phase, pre-existing microcracks in the material mainly located at the paste-aggregate interface show a slight widening. In the next strain hardening phase, some of these microcracks begin to propagate through the fiber reinforced cement paste between the aggregate to form macrocracks. Each small step in rising strength in this phase is mainly related to the strong bridging effect of fibers against the further development and opening of cracks. After reaching the maximal tensile strength, the strain softening phase starts with the development of one localized macrocrack that progressively decreases the strength. The maximal tensile strength at 28 days reached 10.8 MPa for a displacement of 0.25 mm on 100 mm (measurement basis), which correspond to ε loading = 0.25%. Fig. 2b presents the procedure applied to UHPFRC specimens to obtain the predefined deformation with the tensile test. The specimens were damaged until the desired tensile deformation was reached and then unloaded almost completely. Afterwards, a load cycle was performed to evaluate the stiffness of the specimens. The residual deformation after unloading characterizes the modification of the UHPFRC integrity. For specimens with ε unloading b 0.13%, integrity was modified by the development of microcracks and macrocracks with an opening of w 1 b 35 μm (Table 1 ). This kind of damage has a very limited impact on water transport in the material and on its durability, as it will be demonstrated later. For specimens with ε unloading N 0.13%, a localized macrocrack occurred with an opening wider than 35 μm. 
Permeability testing
The liquid permeability of the UHPFRC was determined with permeability cells [16] . The device is composed of a core specimen of UHPFRC glued in an aluminum ring clamped between 2 Plexiglas tanks by threaded bars and nuts (Fig. 3) . The upper tank is connected to a pipette that allows setting a specific hydrostatic pressure and evaluating the fluid flow in the specimen. The hydrostatic pressure was about 0.25 m during the experiment. The lower tank was linked to a small Plexiglas tube that allows release of liquid from the permeability cell.
Preparing the specimen consists in gluing the core specimen of UHPFRC in the aluminum ring to form a disc. Then, the disc is saturated with liquid while under vacuum for 72 h (vacuum saturation). Afterwards, the disc is clamped in the permeability cell and the tanks are filled with liquid. Considering that the specimen is saturated, the main mechanism responsible for transport is the hydrostatic pressure due to the gravity effect. Fluid flow through the specimen is periodically measured by the liquid level in the pipette. Periodically, the level of liquid is brought back to its original level to maintain a nearly constant hydrostatic pressure during the experiment. The limit of detection of the cells, which was evaluated from the accuracy of the measurement system, corresponds approximately to a permeability coefficient of 1 × 10 − 12 m/s. The permeability coefficient for glycol K g (m/s) was evaluated using Darcy's law with Eq. (1) [17] , where A p (m 2 ) represents the cross section of the pipette, A s (m 2 ) and L s (m) stand for the cross section and the thickness of the specimen respectively, g (m 2 /s) corresponds to gravitational acceleration, h i and h f (m) are the hydrostatic pressure between each measurement separated by the interval of time Δt (s). In addition, the intrinsic permeability coefficient K′ g (m 2 ) can be calculated if the viscosity η (N s/m 2 ) and the density ρ (kg/m 3 ) of the liquid used in the test are taken into account. The intrinsic permeability coefficient evaluated with any unreactive permeant is theoretically equivalent. The last sentence is valid if the viscosity of the pore fluid and the permeant are the same. For dense cement paste this can be difficult to achieve in very thin pores. Nevertheless, in this project the fluid was seeping mainly through UHPFRC microcracks in which the fluid viscosity was most likely uniform with the permeant.
In this experimental program, permeability tests were carried out with both an unreactive permeant (glycol) and a reactive permeant (water). Because the chemical interaction between water and the UHPFRC causes a decrease of the fluid flow in the porous media, water and glycol have a different intrinsic permeability. To estimate the chemical interaction of water with the UHPFRC, a dimensionless parameter (I w.p ) was introduced in the equation of water permeability. The reduction of flow is represented here by a modification of water viscosity in the porous media. Thus, the apparent viscosity of water corresponds to I w,p · η w as shown in Eq. (2) . This procedure has no physical correspondence; in reality, there is no change in viscosity. Combining the latter equations, this procedure allows the estimation of the interaction parameter I w.p with water and glycol permeability results (Eq. (3)). Note that in Eqs. (1)- (3), subscript " w " stands for water and " g " for glycol.
Moreover, the theoretical estimation of glycol permeability coefficients from the crack opening of UHPFRC specimens was derived from the Hagen-Poiseuille law (Eq. (4)) [18] . The fluid flow in damaged specimens depends mainly on crack characteristics in terms of length l (m), roughness of surface ξ (dimensionless) and opening w (m). While the permeability coefficient is proportionate to the cube of the crack opening, utilization of the characteristics of the widest crack (l 1 and w 1 ) measured on specimens is sufficient to obtain an adequate estimation of permeability [17] .
Absorption testing
The absorption test is carried out with the device described previously in the permeability testing section. However, the specimen preparation is different. Specimens are dried for 72 h at 60°C instead of being vacuum-saturated, and the inferior tank is kept empty. The oven temperature (60°C) was limited to avoid any additional microcracking due to drying and to reduce the activation of hydration of the residual clinker in the specimen.
The main mechanisms responsible for fluid transport during the absorption test are hydrostatic pressure due to the gravity effect and capillary suction. If the head pressure (ρgh) remains constant (depth of penetration of the liquid in the material is negligible), the average flow can be estimated using Eq. (5). The equation is based on Poiseuille's law [19] where the pressure in the fluid is evaluated with Laplace's law. As shown, fluid penetration depends mainly on the characteristic pore radius r c (m), the properties of the fluid and the contact angle θ between the meniscus and the pore surface. The left-hand side in brackets represents the capillary suction and the right-hand side in brackets corresponds to the head pressure force (h = 0.25 m).
The significance of each force in the fluid flow depends on the pore radius. For r c b 40 μm, the capillary suction is predominant, whereas head pressure is the most significant for r c N 140 μm. Between those values, the effect of both forces are of the same magnitude.
Absorption tests are commonly interpreted via sorptivity S (l/m 2 s 0.5 ), which represents the absorbed volume of liquid divided by the area of specimen and square root of time. Sosoro [20] also suggested Eq. (6) to estimate the sorptivity of an unreactive liquid (here glycol) from the pore structure C (dimensionless), the effective porosity of the material accessible to liquid P eff (dimensionless) and the properties of the liquid. As in the previous section, the interaction between water and concrete is taken into account by introducing parameter I w.a used to describe the apparent viscosity (Eq. (7)). The interaction parameter I w.a is estimated with the combination of water and glycol absorption results in Eq. (8) . The effective porosity reached by the two permeants in the UHPFRC (P eff, g and P eff, w ) can be considered equivalent because surface tension has a minor impact on pore saturation in a material with small pores [21] . Moreover, experimental results on concrete have demonstrated a close value for the effective porosity reached by water and glycol [22] .
Results
Permeability testing
The evolution of permeability coefficients over time for various levels of residual tensile deformation in the UHPFRC is illustrated in Fig. 4 for glycol and water. For each testing condition, the average curve obtained for three specimens is shown. The shape of the permeability curves indicates a nonlinear behavior during the first 14 days of the experiments. Afterwards, the permeability coefficients become nearly constant, showing that a steady flow of liquid seeps through the material.
Water and glycol test results demonstrate that permeability increases with the level of tensile deformation applied to the UHPFRC (Fig. 4) . Test results show a gradual increase in permeability until a tensile deformation at unloading of 0.13% is reached. Then, permeability rises significantly. This characteristic value of deformation corresponds to a cumulated crack opening of 0.13 mm considering the measurement basis of 100 mm of the tensile test. One can also observe that water permeability increases softly with the level of damage compared to glycol permeability. Moreover, water penetrates less in the UHPFRC, with permeability coefficients 1 to 2 orders of magnitude lower than those of glycol. This feature will be further explained in the Discussion.
In order to verify the relationship between the crack opening in the UHPFRC and permeability, experimental results where plotted with the theoretical estimation of glycol permeability according to the Hagen-Poiseuille law (Eq. (4)). With the interaction between water and UHPFRC being significant, the analysis did not use water permeability results. The dimensionless parameter ξ representing surface roughness was fitted to obtain the best correlation between experimental and theoretical glycol permeability coefficients. When surface roughness is significant, as likely in UHPFRC, ξ becomes low to describe the difficulty with which the fluid flows through the material. The theoretical estimation shown in Fig. 5 was obtained with ξ = 9.1 × 10 − 4 . Gérard [23] reported surface roughness values ranging from 1.1 × 10 − 1 to 1.6 × 10 − 1 for concrete damaged with tensile tests and 1.0 × 10 − 2 to 9.0 × 10 − 2 for concrete damaged with bending tests. Thus, the value obtained in the present study is very small. Fig. 5 shows a good correlation between experimental results and theoretical estimation of permeability in relation to the opening of wider cracks within the specimens. This observation is consistent with test results presented recently [18, 24] .
Absorption testing
The water and glycol absorbed by specimens is presented in Fig. 6 as a function of the square root of time. The curves correspond to the average results obtained for three specimens. Absorption of water in conventional concrete generally shows a rapid kinetic at the beginning and a subsequent constant flow rate. For undamaged UHPFRC specimens (S 0% ), one can observe a linear curve of absorption from the beginning of the experiment. The trend is also noted for specimens with residual deformation, but is less obvious for the highest level of deformation (S 0.33 mm ).
Test results indicate that absorption of glycol and water increases with the level of residual deformation in UHPFRC specimens. Liquid absorption is also generally higher with water. Besides, the amount of water absorbed by undamaged specimens of UHPFRC is similar to the one measured in reactive powder concrete [25] . Table 5 summarizes the experimental results obtained during the project. Permeability and sorptivity coefficients for glycol and water are listed for levels of residual tensile deformation studied. The comparison of glycol and water penetration in specimens permits to estimate the magnitude of the interaction of water with UHPFRC considering the properties of permeants and that glycol remains unreactive.
Interaction between water and the UHPFRC
The interaction factors calculated with permeability tests increase clearly with the level of damage in specimens. Only one value obtained for 0.88 mm of deformation does not follow the trend (this will be explained in the next section). The interaction factors estimated with absorption tests also increase with damage; however the magnitude of the values is lower than for permeability tests.
Discussion
Permeability testing
As expected, permeability results indicate that the fluid flow in the UHPFRC rises with increasing the level of damage of the material. The abrupt increase of fluid flow observed between ε unloading = 0.13% and Δl unloading = 0.33 mm is related to the presence of a localized macrocrack in the UHPFRC for the latter deformation. Indeed, Δl unloading = 0.33 mm was produced by a deformation at loading of 0.50% (Table 1) , which is well above the average tensile deformation required to activate the opening of a localized macrocrack for this material (ε t localization = 0.25%, Fig. 2) .
Previous studies have also reported a rise in permeability with increasing macrocrack opening in concrete [26, 27] . In those studies, a cumulated crack opening of 0.05 mm at unloading was needed to note a clear enhancement of permeability. This value is three times below the one estimated for the UHPFRC. The higher deformation capacity of the UHPFRC before the modification of the fluid ingress is thus obvious. In fact, this is related to the crack pattern that develops in each material. For a similar level of deformation, multiple macrocracks with relatively small openings will appear in the UHPFRC, as opposed to fewer macrocracks with relatively large openings developing in conventional concrete. Since permeability rises proportionally to the cube of the crack width, several narrow macrocracks are less permeable than one wide macrocrack.
One can also observe that the water permeability curves stabilized much more slowly than those of glycol at the beginning of the test. This phenomenon is probably due to the rapid chemical interaction of water with the material.
Concerning the comparison of experimental and theoretical estimation of permeability, the best approximation was obtained with a relative low value of ξ = 9.1 × 10 − 4 compared to expectations for conventional concrete. Since this parameter is inversely proportional to the surface roughness, the value indicates that the path followed by water in the cracks is very complex and consequently long. This is most probably due to the presence of multi-branching cracks in the UHPFRC.
Absorption testing
Absorption measurements on conventional concrete generally show curves with two slopes. The rate of absorption is high at first and then decreases. As observed in [14] , the experimental results for undamaged UHPFRC specimens show only a constant rate of absorption. This difference is related to the limited amount of capillary pores in UHPFRC [14] . The trend is also noted for specimens with residual deformation, but is less obvious for the highest level of deformation (S 0.33 mm ). In that case, the localized macrocrack within the specimens represents a large artificial capillary pore and increases greatly the absorption capacity of the material.
Test results in Fig. 6 indicate that absorption of glycol and water increases with the level of residual deformation in UHPFRC specimens. Few results are available in the literature on the influence of damage on capillary absorption. Lunk [28] showed an increase in capillary absorption in unsaturated concrete for thinner cracks. The divergence of results with this paper is probably associated with the differences in the range of crack openings studied and the experimental technique used in the projects. Liquid absorption described in this paper is initiated by the combination of hydrostatic force and capillary suction, instead of solely capillary suction in Lunk's work. Table 5 Interaction parameters between water and strained UHPFRC Tensile test Permeability test (1) Absorption test (2) ε unloading or Δl unloading
- Furthermore, multiple macrocracks with various openings are present in an UHPFRC specimen. For macrocracks wider than 40 μm, the hydrostatic force produced by the head pressure of liquid partly or totally controls the absorption in the crack (see Section 2.5, Eq. (5)). However, capillary suction is predominant in macrocracks and pores narrower than 40 μm on the same specimen. On the whole, the hydrostatic force has probably played a significant role in fluid transport mechanism in UHPFRC and may explain the greater absorption rate for a higher range of residual deformation. Moreover, the wider fracture process zone of the UHPFRC compared to concrete, which is favorable to absorption, may also explain the trend of the results. During absorption tests, water has seeped more than glycol in the UHPFRC. In fact, surface tension and viscosity of water are favorable to measure higher absorption. The analysis in the next section will however demonstrate that absorption of water should be higher if interaction between water and UHPFRC was negligible as likely with glycol.
Besides, it was pointed out previously that permeability rises distinctly when residual deformation exceeds ε unloading = 0.13%. Absorption measurements also show a clear enhancement of fluid penetration under the same conditions. The existence of a localized macrocrack in the UHPFRC at Δl unloading = 0.33 m results in an increase in both the absorption and permeability of liquid.
Interaction between water and the UHPFRC
It should be reminded that interaction is interpreted here as a modification of the viscosity of water in the UHPFRC. A shortterm interaction (I w,a ) is evaluated from the absorption tests and a mid-term interaction (I w,p ) is estimated from permeability tests. The interaction parameters calculated with Eqs. (3) and (8) are also given in Table 5 .
Since the short-term and mid-term interactions rise with increasing the level of damage in the UHPFRC, the interaction is favored by the presence of cracks and their opening. However, the interaction should logically decrease after reaching an optimum, because for an infinite crack the surface effects on water penetration become negligible. This probably explains the reduction of the interaction parameter calculated for Δl unloading N 0.63 mm in permeability tests.
On the other hand, the interaction of water with the UHPFRC is greater during permeability tests than during the absorption tests. Considering the properties of permeants, water permeability should be 2 to 3 orders of magnitude higher if water was moving freely like glycol in the UHPFRC. Similarly, water absorption represents about 15 to 50% of expectations if negligible interaction was occurring as with glycol. The latter estimations are obtained by using interaction parameters equal to 1 in Eqs. (3) and (8) . Longer exposure to water also promotes more interaction because the parameters are higher in permeability tests. Consequently, the interaction between UHPFRC and water must be related at least partly to gradual mechanisms, unless different mechanisms are responsible for short-term and long-term interactions.
The identification of the mechanisms responsible for the interaction of water in the UHPFRC is not obvious. Concerning the self-sealing associated with the dissolution and the deposition of soluble hydrates, one could say that a very small amount of hydrated lime can precipitate in the porous network due to its previous consumption by silica fumes, but other phases can. Besides, autogeneous healing is certainly active in UHPFRC. The healing generally attributed to calcium carbonate precipitation in cracks can also be due to the hydration of residual clinker at crack surface. Results reported in [8] show that residual clinker grains exposed on the surface of a crack reacts with water within a few minutes. Consequently, hydration products slow down further water penetration in cracks. The rapidity with which the reaction occurs is consistent with the interaction noted during absorption tests. Finally, the mechanism of continued hydration in areas where the material is undamaged can also decrease water transport over time.
Although the role played by each mechanism cannot be assessed, it is clear that the chemical interaction of water progressively improves the tightness of the UHPFRC. Depending on how significant the continued hydration of residual clinker is in the interaction process, mechanical properties of the material are expected to increase with time (mechanical strength is proportionate to the degree of hydration). The utilization of strained UHPFRC at serviceability will promote such process. Consequently, strained UHPFRC could present in the long term equivalent properties to those of unstrained material. As a matter of fact, recent research projects have illustrated such phenomenon. Parant [29] has shown that UHPFRC specimens subjected to fatigue tests and then immersed in water with chlorides exhibit a greater flexural resistance in comparison to control specimens. Pimienta et al. [30] have also reported that the flexural strength of pre-cracked UHPFRC specimens remains unchanged after three months under severe conditions. Self-healing was suggested as an explanation for this latter observation. Finally, self-healing phenomenon was demonstrated by Ying-Zi et al. [31] in Engineered Cementitious Composites (ECC). According to the authors, self-healing performance depends on the cracking properties of the matrix adjacent to the damaged area and the seal-healing capability of the material. In this context, UHPFRC has the characteristics for presenting significant self-healing capability since its matrix is very dense and a large amount of residual clinker is available to hydrate and seal cracks.
Conclusions
The objectives of the research project were to assess the permeability and the absorption of UHPFRC for two permeants, water and glycol, and to evaluate the significance of its interaction with water. Analysis of experimental results has shown:
1. The optimized fibrous reinforcement of the UHPFRC allows achieving a noteworthy tensile strain hardening up to 0.25% on notched specimens, where the maximal tensile strength (10.8 MPa) is reached. Until that level of deformation is reached, UHPFRC integrity is only modified by the development of microcracks and macrocracks thinner than 50 μm, then the material starts to display its softening behavior. 2. Penetration of liquid in terms of permeability and absorption coefficients increases steadily until a residual tensile deformation of 0.13% is reached in UHPFRC. As a basis of comparison, at this threshold value, the water permeability of UHPFRC (K w ≤ 4.8 × 10 − 11 m/s) is lower than that of an uncracked concrete with a water/binder ratio equal to 0.45 [27] . 3. The utilization of glycol and water as permeants, unreactive and reactive with residual clinker respectively, has permitted to evaluate the interaction of water with UHPFRC during the experiments. It was observed that permeability and absorption of water are lower to what could be anticipated if water was moving freely in the material. Hence, the combined effects of self-sealing, self-healing and continued hydration, which are expected to occur with water, reduce absorption by approximately 50 to 85% after 3 days and decrease permeability by 2 to 3 orders of magnitude after 40 days. The interaction phenomenon is thus quite significant. 4. From previous conclusions, in spite of the application of very high tensile deformations, the UHPFRC shows a high capability to seal micro and macrocracks and to improve its water-tightness when exposed to water. It follows for practical consideration that water-tightness or very low permeability is preserved for strained UHPFRC in structures at serviceability. Based on the experimental results, limits of tensile deformation for the UHPFRC under study were suggested according to environmental conditions [16] .
Besides, further research is required to estimate the impact of key factors concerning water flow in UHPFRC. It is expected that water interaction depends on crack patterns created in the UHPFRC, type of loading, material maturity and environmental conditions. Moreover, chloride penetration in UHPFRC and water interaction to consider in long-term predictions has to be assessed.
